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In some applications, the detection of defects is not enough 
for safety control. In these situations, non-destructive 
techniques must be adapted for stress analysis. This work 
relates to the development of a micromagnetic stress analysis 
method, using a combination of the harmonic analysis of the 
tangential magnetic field and the incremental permeability 
methods, to be applied for the stress measurements of 
flexible riser tensile armours. The results with cold-worked 
and annealed samples showed high correlations between the 
micromagnetic results and the applied load stress, especially 
using multi-parameters calibration by linear regression. 
This work illustrates the good potential of micromagnetic 
techniques for the stress characterisation.

Keywords: Reliability, Magnetic Methods, Material 
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1. Introduction
The catastrophic failure of structures and mechanical components 
is always followed by unacceptable losses. These losses, associated 
with the safe control, stimulate the development of inspection and 
maintenance programmes. As a special part of all maintenance 
programmes, non-destructive techniques (NDT) are increasing 
their applicability in the industry due to their advantages of being 
fast, cheap and, in particular, non-invasive[1,2,3]. Currently, special 
attention is being made to micromagnetic methods focusing on the 
interaction between mechanical and magnetic properties. 

This relates to the fact that microstructure and point lattice 
defects, which are obstacles for the dislocation movements (and 
therefore contribute to the mechanical strength), are also obstacles 
for block wall movements[4,5,6]. Figure 1 illustrates the principles 
of the interactions between the mechanical and the magnetic 
properties. 

By these interactions, we can assume that, in ferromagnetic 
materials, there is a special relationship between the mechanical and 
magnetic properties. This relationship indicates that the magnetic 
domain structure is influenced by microstructure, residual stresses, 
load stresses, hardness and metallurgical parameters, and as such is 
an intrinsic sensor for materials characterisation[7]. 

During the magnetisation process, the interaction between 
the domain wall movements and the pinning sites will generate a 
certain amount of micromagnetic signals which are separated in 
different techniques, concerning the relation with the hysteresis 
curve[5,6]. 

In materials characterisation, the majority of the applications 
involve Barkhausen noise analysis[6,8,9,10]. Martins et al[11] showed 
the good correlation between the residual stress analysis results 

obtained by X-ray diffraction and Barkhausen noise analysis for 
the AISI 52100 ball bearing steel ring manufacturing process 
analysis. Titto[12] reported that cold working and residual stress 
variations have the same effect in the shape of the Barkhausen noise 
signal. The results indicated the improvement in using a multi-
parameter approach for the materials characterisation[12]. In this 
sense, Dobmann et al[2,9,13,14] developed the micromagnetic, multi-
parameter, microstructure and stress analysis, 3MA, approach. 
This combines four micromagnetic techniques (Barkhausen 
noise, multi-frequency eddy currents, harmonic analysis of the 
tangential magnetic field and incremental permeability) in one 
portable equipment (3MA – II), analysing up to 41 micromagnetic 
parameters, for materials properties, stress, hardness and residual 
stress characterisation. Table 1 gives a comparison between the 
different 3MA micromagnetic techniques[14]. 

Table 2 describes the micromagnetic parameters which result 
from the 3MA approach[14].

Figure 1. Basis of the interaction between the mechanical and 
the magnetic properties

Table 1. 3MA micromagnetic techniques comparison
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Flexible risers are multi-layer structures used in the petroleum 
industry for oil transportation. They are mainly used in deep-water 
offshore exploration[15,16,17,18]. Nowadays there are more than 2000 
km of flexible risers in operation in Brazil. As can be seen in Figure 
2, these components are manufactured using several layers of 
different material with specific purposes. For this configuration, the 
tensile armour is the layer responsible for the mechanical support. 
Its fracture is one of the most frequent failure modes of flexible 
risers[16,19,20].

In the present work the micromagnetic stress dependence of 
flexible riser tensile armour made in AISI 1060 steel was analysed 
based on the 3MA approach, by the harmonic analysis of the 
tangential magnetic field and incremental permeability methods. 
Despite the great amount of literature related to the Barkhausen 
noise analysis, in small scale (using a small sensor), the use of the 
Barkhausen coil is not possible, making necessary the analysis of 
other micromagnetic parameters[14].

This work aims to test the influence of the cold working process 
in the micromagnetic NDT stress analysis by the 3MA approach. 
For this study, samples were analysed in two states: Cold Worked 
(CW) and Annealed (A). 

2. Experimental procedure
Tensile armour samples of a 6 inch-diameter flexible riser were 
analysed in this work. 

The tensile armours were made of AISI 1060 steel in the CW 
condition. For the CW influence analysis, some samples were 
annealed to reduce the dislocation density of the material. 

The annealed (A) samples were heated to 830ºC for 10 min, 
followed by furnace cooling, with a cooling rate of 26ºC/h down 
to 500ºC. When this temperature was reached the samples were 
removed from furnace and allowed to air-cool. The sample 
dimensions and basic properties are presented in Table 3. 

To evaluate the effects of stress on the micromagnetic properties, 
the tensile armours were loaded into an Instron 5585H machine, 
using a load rate of 10 kN/min. The applied load was increased 
with a 10% increment from 0 to 90% of materials yield strength 
(σe) (in usual flexible riser applications, working stresses can vary 
between 30 and 50% of σe[20]). The 3MA approach set parameters 
were: Equipment: 3MA – II, from Fraunhofer Institut, IZFP - 
Germany; magnetic field strengths: 35 A/cm (HAHt) and 25 A/
cm (IP); magnetisation frequency: 200 Hz. For this configuration, 
the HAHt technique presents the simple sensors configuration, 
working in the same frequency range as the external magnetic field. 
In this sense, the analysed frequency selected was: 200 Hz (HAHt) 
and 20 kHz (IP); measurement per activation: 40 (with standard 
deviation less than 0.07); sensor distance between magnetic poles: 
5 mm (10 x 5 mm2 contact area). This sensor geometry did not 
support a Barkhausen noise coil, hence, this work was developed 
without the analysis of the Barkhausen noise technique. For the 
multi-linear analysis, four results were used (0, 30, 60 and 90%) 
during the micromagnetic calibrations. 

All the results (from 0 to 90%) were used for the reliability test 
and comparison. 

Figure 3 shows the 3MA – II equipment developed by the IZFP. 
A detail of the sensor positioning during the tensile test is shown 
in Figure 3(b). 

Table 2. Micromagnetic parameters derived from the 3MA 
approach

Table 3. Basic metallurgical and mechanical properties of the 
tensile armour samples

Figure 2. Flexible riser usual configuration[18] 

Figure 3. a) 3MA II equipment. b) Detail of the sensor positioning 
during the tensile test
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3. Results
For the micromagnetic stress analysis development, the first step 
is to analyse the micromagnetic parameter variations during the 
application of the tensile load stress. This work presents only the 
results that demonstrate some dependence with the external load 
variation. In this sense, Figure 4 shows the harmonic analysis of the 
tangential magnetic field selected results. 

The analyses of the variation of the micromagnetic parameters 
with the external loads indicated that almost all the parameters 
show stress dependence until 60% of the materials yield strength, 
especially for the annealed samples. For the cold-worked samples, 
these variations were significant until 90% of σe. For both groups, 
the distortion factor (K) shows the higher variation, in accordance 
with the literature[2,4,6,11,12]. The results of Vmag (0.322), A5 (0.733), 
P3 (2.188), P5 (2.960), Hco (-25.322) were considered constants 
and were not used for the multi-linear calibration (for better 
understanding about these parameters, see Table 1).

Figure 5 shows the incremental permeability analysis results.

The three permeability parameters show stress dependence 
until 90% of the materials yield strength. For the cold-worked 
samples, as the HAHt results, the micromagnetic stress variations 
were less significant between 0 and 20% of σe. Once the stress 
levels increase, the domain alignment with the external applied 
magnetic field becomes easier and the incremental permeability 
measurement starts to become sensitive to the load stresses. The 
results of Hcµ (4.334), ΔH25µ (42.597), ΔH50µ (32.457), ΔH75µ 
(20.066) were considered as constant and not used for the multi-
linear calibration.

In the second step, three calibration processes were performed:
1) Using only HAHt results in the multi-linear regression; 
2) Using only the IP results in the multi-linear regression; 
3) Using both techniques results in the multi-linear regression. 

The calibration procedures were performed using the 3MA - 
MMS software[15]. The results were presented for the cold-worked 
(CW) and the annealed materials (A). Figure 6 shows the comparison 
between the external load and the calibration procedures for the 
CW samples.

Figure 6 indicates the advantage of using the multi-technique 
approach in the linear regression. This approach increases the 
reliability of results in comparison with the single technique 
application, minimising the influence of external factors, such as 
hardness and microstructure. The following equations show the 
micromagnetic parameters used for the NDT load measurement 
calibrations and the correlation factor (r2) for the given equation.

!
HAHt

= 219.2 + 224.5A3+102.4UHS " 99.8K +175.5Hro   r2 = 99.95% .....(1)

!
IP
= 548.3" 5852.1µmax+ 5093.4µmean + 2548.5µr  r2 = 99.33% .....(2)

!
Both

= 414.8 +171.3A3+ 38.1UHS " 76.1K +

27.5Hro "1501.2µmax+1676.1µmean " 79.9µr  r2 = 99.99% .....(3)
Using these equations, better correlation was obtained without 

using all the selected parameters. The result shows the good 
interaction between the micromagnetic parameters and the applied 
stress variation, for the cold-worked sample (original flexible riser 
tensile armour). 

Figure 7 shows the results for the annealed samples.
As in the CW results, better correlation was obtained using the 

combination of micromagnetic techniques for the annealed sample. 
The HAHt parameters showed some deviation in the 0 - 20% of σe 
range. For the IP technique, the higher deviation appears after the 
50% of σe. Despite these differences, the multi-technique approach 
decreases the deviations, increasing the 3MA sensitiveness.

Figure 4. HAHt principle results for CW and A samples

Figure 6. Comparison of the stress results using different 
techniques calibration for the CW sample

Figure 5. Incremental permeability principle results for the cold- 
worked and annealed samples
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Equations 4 to 6 show the micromagnetic parameters used for 
the NDT calibration.

!
HAHt

= "848.9 " 344.6A3+ 277.6P7 + 662.9UHS "147.6K  r2 = 98.89% ...(4)

!
IP
= 704 " 3383.6µmax+ 3439.9µmean  r2 = 95.28% ...(5)

!
Both

= "1578.3" 279.2A3+ 290.7P7 + 639.8UHS "

190.1K + 5675.8µmax+ 6518.6µmean  r2 = 99.08% ...(6)
Using these equations, better correlation was obtained using six 

of the eight selected micromagnetic stress sensitive parameters.
For all results, both samples present a good correlation between 

the micromagnetic parameters and the external load stress. This can 
be explained by the good interaction between the dislocation sites 
and the magnetic domain configuration for these ferromagnetic 
samples, making the load direction an easy magnetisation 
direction[5,6].

For the annealed results, Figures 4 and 5 show that, above 
the 60% of the materials yield strength, the stress sensitiveness 
was less significant. This 60% σe result was in accordance with 
the literature which says that the micromagnetic properties for 
mechanical soft materials decrease their stress sensitiveness above 
this limit[3,8,9,13,14]. 

For the cold-worked samples the micromagnetic parameters 
have a good interaction with stress up to 90% of σe. This is a good 
improvement for the stress measurement process and elevates the 
technique reliability. 

One can assume that the increasing of the number of analysed 
parameters will increase the quality and correlation of the results, 
but it is clear that not all the micromagnetic parameters are 
sensitive to stress. The literature shows some results using different 
quantities of micromagnetic parameters for residual stress and 
stress measurements[4,9,11,12,13]. However, the authors considered 
the Barkhausen noise technique (but, generally, they do not 
indicate which group of parameters was utilised in the multi-linear 
calibration). 

4. Conclusions
This paper shows that micromagnetic measurements can be carried 
out without Barkhausen noise analysis, when the application 
demands a very small magnetic sensor. The linear regression using 
the combination of HAHt and IP techniques shows good results for 
both material states.

The comparison between the results for both material states 
indicates the effects of cold work in the micromagnetic properties. 

This effect results in some small changes in the intensity and the 
distribution for all parameters. 

For both materials, the use of this approach aims to maximise 
the micromagnetic technique reliability and optimise the stress 
analysis process. 

For a quantitative analysis, the multi-parameter approach is 
indicated. However, as a first analysis, the calibration using one 
simple technique, as harmonic analysis of the tangential magnetic 
field, works properly, showing more than 99% of correlation. 
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Figure 7. Comparison of the stress results using different 
techniques calibration for the A sample


